ABSTRACT This paper describes a compact inverted-L antenna (ILA) topology that can enhance antenna performance by utilizing one-dimensional electromagnetic bandgap (1-D EBG) ground structures and two-stage beam directors. The antenna is fed through the coaxial connector and the microstrip line, and the 1-D EBG structures are embedded on the ground plane edge of the microstrip line that is closer to the planar ILA. The 1-D EBG ground structures serve as high impedance surfaces with slow-wave behavior controlling both reflection phase in plane-wave illumination and surface-wave on the horizontal-direction of the ground plane edge. The proposed antenna with 1-D EBG ground structures exhibits a wide impedance bandwidth of 810 MHz between 2.24 GHz and 3.11 GHz within a compact size of 0.21λ 0 ×0.32λ 0 . In addition, the endfire radiation performances in horizontal-polarization of the designed antenna can be enhanced without any supplementary circuits by the integration of 1-D EBG structures within compact real-estate and by placing beam directors. As the criterion for improvement of the radiation pattern, the horizontally polarized end-fire gain of 4.0 dBi and radiation intensity difference between co-polarization and cross-polarization of 14.0 dB toward the end-fire direction are experimentally ascertained.
I. INTRODUCTION
For high-speed and high-capacity communications beyond the physical threshold properties of active RF devices in microwave and millimeter-wave applications, compact planar antennas with robust performance have been devised [1] , [2] . In mobile handset, planar array antennas [3] - [5] and quasi-Yagi antennas [6] - [9] have the potential to meet both antenna performance and link budget requirements. These antennas are required to have a small form factor, broad bandwidth, high gain, wide-angle scanning, low cost, simple fabrication, and multi-compatibility with various platform environment.
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In particular for 5G applications, universal antenna design methods to adapt extreme propagation environments have been recently noticed such as antenna-in-package (AiP), antenna-on-display (AoD) and antenna-on-chip (AoC) [1] , [10] - [15] . When the AiP is implemented on low temperature co-fired ceramics (LTCC) or multilayer PCBs such as high-density interconnect (HDI) FR-4 laminations, the 3-D interconnect loss, i.e. feasible dimension of via hole, is the critical issue of antenna performance. Meanwhile, the low conductivity metal coated on display panels in AoD platforms degrade radiation performance of the antenna despite alternative methodology to resolve the limited real-estate of the antenna for mobile handset. Finally, the AoC concept based on Si CMOS suffers from performance due to low resistivity of Si. Hence, an universal antenna design featuring easily accessible fabrication processes is imperative to address current technology limits.
By research groups focused on compact antennas, electromagnetic bandgap (EBG) structures consisting of periodic unit cells have been widely investigated [16] - [21] . Two main characteristics of EBG structures in antenna applications have been utilized to artificially manipulate surface impedance and improve antenna performance. One approach is that the EBG structures can control surface-wave or surface-current flowing on the ground plane in certain frequency bands, called surface-wave bandgaps, due to their high impedance surfaces [16] , [17] . By controlling surfacewave on the ground plane, the slow-wave behavior of the EBG structures achieve miniaturized inter-element spacing while featuring low mutual coupling [17] . Moreover, the EBG structures in the surface-wave bandgaps exhibit in-phase reflection characteristics, and can reduce spacing between antenna and EBG structures by slow-wave behavior in scenarios involving plane-wave illumination [18] - [21] . When the antenna impedance is matched at certain frequency in which the EBG exhibits a quadratic reflection phase (90 • ), the EBG-backed antenna exhibits optimal impedance matching and higher radiation efficiency [21] . At the quadratic reflection phase, the EBG structures also provide overlapped electromagnetic characteristics between surface-wave bandgaps and input-match frequency band [21] - [23] .
Recently, 1-D EBG structures featuring end-fire radiation and horizontal-polarization have been devised to realize planar antennas fabricated simple PCB process [22] - [26] . Since the dipole antenna with microstrip balun is fabricated for a balanced feed to the radiator in [23] , the overall physical length of the antenna is greater than 0.8λ 0 and the antenna impedance bandwidth depends on operating bandwidth of the balun. In [24] , the 1-D EBG and split ring resonator (SRR) structures are inserted between two closely located straight monopole antennas. The overall physical length of one antenna element is 0.47λ 0 and the antenna impedance bandwidth is limited by the ground characteristic mode. In addition, to achieve scalable array performance with mutual coupling suppressed in element shapes [23] , [24] , the inter-element spacing greater than 0.5λ 0 is required. Unless supplementary circuits limiting antenna impedance bandwidth are utilized, further miniaturization of antenna element for robust array antennas featuring broad bandwidth, high gain, wide-angle scanning, and universal antenna design can be realized despite extreme propagation environments.
In this paper, the 1-D EBG ground structures are embedded on the ground plane edge of the microstrip line that is closer to the planar ILA to enhance antenna performance within small form factor. With 0.03λ 0 spacing between ILA and 1-D EBG, the 1-D EBG ground structures serve as high impedance surfaces with slow-wave behavior featuring quadratic reflection phase for impedance matching and high end-fire gain. By utilizing the large group delay due to 1-D EBG on the horizontal-direction of ground plane edge, the surface-wave via slow-wave behavior can be controlled and then the antenna within 0.32λ 0 overall physical length can be also realized. To ascertain the effect of the 1-D EBG ground structures in the proposed antenna, the reflection coefficients, radiation patterns, and near-field distributions are compared using various antennas such as ILA without 1-D EBG and PIFA without 1-D EBG. Because these characteristics of 1-D EBG ground structures can overcome the drawback of additional circuits that limit antenna impedance bandwidth, ILA topology with 1-D EBG ground structures can exhibit broad bandwidth and high gain. The optimized antenna form backed by the 1-D EBG structures can be obtained by comparing antenna performance of various planar monopole configurations. In order to improve the high end-fire gain per electrical unit volume without destructive interference between the EBG and the ILA using a beam director, two-stage parasitic rods are additionally inserted in front of the ILA.
II. 1-D EBG GROUND STRUCTURES AND ITS ELECTROMAGNETIC CHARACTERISTICS
The antenna is fed through the coaxial connector and the microstrip line, and the 1-D EBG structures are embedded on the edge of the partially grounded front side of a FR-4 substrate which features a size of 70 mm × 40 mm × 1 mm and a relative permittivity of 4.4, as depicted in Fig. 1 . On the front side edge of the ground planes that is near the planar ILA, a 1-D EBG structure with seven periodic cells is patterned in one column to serve as high impedance surfaces with slow-wave behavior. The designed technique of 1-D EBG ground structures is intended to control both reflection phase in plane-wave illumination and surface-wave on the horizontal-direction of the ground plane edge. The 1-D EBG unit cell consists of a stripline, a metal patch with narrow slitted patterns, and a narrow gap capacitor between the EBG cells. The slit width and gap between EBG cells are configured to a minimum value of 0.1 mm due to PCB manufacturing limitations. The unit cell size and the number of 1-D EBG structures are the most critical factor to exhibit the unique electromagnetic characteristics of the 1-D EBG ground structures optimized at the operating frequency, 2.4 GHz.
A. REFLECTION CHARACTERISTICS OF 1-D EBG GROUND STRUCTURES
In order to investigate the effects of the 1-D EBG structures, the reflection phase of the partially grounded FR-4 substrates is calculated using the simulation strategy in [23] and [24] and the high frequency structure simulation (HFSS) package. The reflection phase of this simulation method in [23] and [24] can be calculated with the arrayed 1-D EBG structures in a radiation boundary, not a periodic boundary. As illustrated in × 40 mm), the EBG ground structures can manipulate the reflection phase and serve as high impedance surfaces with slow-wave behavior in plane-wave illumination. To match the antenna impedance operating at 2.4 GHz where the EBG ground structures exhibit a quadratic reflection phase, the optimization of the monopole length (L 1 = 15 mm) is carried out according to −10 dB reflection coefficient criterion [21] and [23] .
B. GROUP DELAY OF 1-D EBG GROUND STRUCTURES
As depicted in Fig. 3 , the slow-wave behavior on horizontaldirection of the ground plane edge due to 1-D EBG structures can be demonstrated not by the dispersion analysis, but by the calculated group delay. Because the 1-D EBG structures are arranged toward one-direction in the ground plane edge, the radiation boundary based simulation method [23] , [24] is more suitable rather than unit cell simulation for the dispersion analysis [20] . This simulation method is not easy to obtain dispersion analysis due to finite 1-D array structures in ground plane. Alternatively, to make the wave direction identical as surface-wave in Fig. 1 , the asymmetry coplanar strip (ACPS) transmission line (TL) is placed on the right side of the ground plane edge. By using two-port S-parameter results in this simulation scenario, the group delay can be calculated according to (1) . The slow-wave behavior controlling the surface-wave on the ground plane edge can be proven as comparing the group delay with and without 1-D EBG structures. The group delay τ g is defined as
where φ is the phase of S 21 (or S 12 ) and f is frequency.
In case of the ACPS TL without 1-D EBG ground structures, the characteristic impedances are designed by 50-and 100-. The impedance of ideal port is assigned to the identical characteristic impedance of ACPS TL. In the case of 50-characteristic impedance of the ACPS TL, the entire ACPS TL structure is configured to the W 6 , of 4 mm and S 1 of 0.2 mm, respectively. At 100-characteristic impedance, the W 6 and S 1 are 3 mm and 1 mm, respectively.
As illustrated in Fig. 4 , the group delays at two characteristic impedance of the ACPS TL with and without 1-D EBG ground structures can be calculated. For both 50-and 100-characteristic impedances, the group delay of ACPS TL without 1-D EBG ground structures is nearly equal to 0.2 ns in the frequency range from 1 GHz to 4 GHz. The group delay of ACPS TL with 1-D EBG ground structures at each characteristic impedance is different despite the inherent surface impedance of 1-D EBG structures. Nevertheless, the slow-wave behavior due to the 1-D EBG structures can be explained through the large group delay, as illustrated in Table 1 . 
III. COMPACT INVERTED-L ANTENNA WITH 1-D EBG GROUND STRUCTURES AND BEAM DIRECTORS A. REFLECTION COEFFICIENTS AND RADIATION PATTERNS
The ILA with the 1-D EBG structures operates at 2.4 GHz as illustrated in Since the ground planes without the 1-D EBG structures exhibits a quadratic reflection phase over 3 GHz, the ILA without the 1-D EBG structures operates near 3 GHz. In the PIFA without the 1-D EBG structures, the antenna can operate at the same frequency as that of the ILA with 1-D EBG structures due to the fact that both feature identical monopole lengths. The ILA with the 1-D EBG structures exhibits a reflection coefficient lower than −10 dB, i.e. from 2.24 to 3.11 GHz. Despite the relatively steep phase changes presented in Fig. 2 , the −10 dB impedance bandwidth of the ILA with 1-D EBG structures is wider than that of other antennas in Fig. 5 . Thus, the ILA topology with 1-D EBG structures can become a promising element for broadband array antennas due to the absence of additional circuits that can limit the antenna impedance bandwidth, such as via holes of PIFA. As presented in Fig. 6(a) and (b) , the radiation patterns in the ILA with the 1-D EBG structures indicate a maximum gain of 2.0 dBi at the E phi -polarization considered as horizontal-polarization. The designed antenna at the E phi -polarization due to quadratic reflection phase of the EBG structures can achieve highly directive patterns toward end-fire direction (+x-direction). The radiation patterns of ILA with the 1-D EBG structures in the E phi -polarization exhibit highly directive more than those of the other antennas toward end-fire direction. Meanwhile, as depicted in Fig. 6 (c) and (d) for E theta -polarization, the radiation patterns of the ILA with the 1-D EBG structures are reduced more than those of the other antennas. The 1-D EBG ground structures can enhance the radiation patterns of ILA without any additional circuits. An ILA with the 1-D EBG ground structures can realize end-fire radiation in horizontal-polarization.
B. FIELD DISTRIBUTIONS
The slow-wave behavior by the small sized ground plane with 1-D EBG structures can be also examined in the near-field distributions using HFSS. Three types of the antennas are activated via a 50-coaxial connector to obtain the near-field distributions. To study the near-field in a transverse plane, a contour plot (XY-plane) of the total electric field distribution located at 0.5 mm higher than the patterned ground structures is observed [24] , [26] .
As presented in Fig. 7 (a) and (b), at the operating frequency, the ILA with the 1-D EBG structures exhibit more rapidly intensive contour lines at the imaginary lines of AB than that of other antennas (line CD and EF). It can be confirmed that the wave impedance variation of the ground plane edge is being made abruptly due to fact that the high impedance surfaces at the edge of the 1-D EBG ground structures are periodically arranged within the small spaces. Thus, the 1-D EBG ground structures in the near-field distributions can be considered as high impedance surfaces with slow-wave behavior controlling surface-wave.
C. VARIOUS MONOPOLE ANTENNAS WITH THE FIXED 1-D EBG GROUND STRUCTURES
To design the optimized antenna form with the most effective performance backed by the 1-D EBG structures, various monopole types of ILA sample with the fixed 1-D EBG ground structures are fabricated and evaluated. Various monopoles are investigated to change the input impedance of the antenna within a range that does not impair the inherent characteristics of the EBGs with same spacing between EBG and monopole, and are compared with the proposed antenna. As illustrated in Fig. 8(a) and (b) , type #1 (inverted-''C'') and #2 (rotational-''Z'') are compared within a fixed radiator length (L 1 ).
Despite the different impedance matching conditions of the designed antennas resulting from the different monopole configurations, the operating frequency of the 1-D EBG structures in the quadratic reflection phase is still present at 2.4 GHz as illustrated in Fig. 9(a) and (b) . It is observed that the other resonant frequency around 3.5 GHz becomes stronger via the interaction between monopole and ground plane than those between monopole and EBG. At 2.4 GHz in Fig. 10 ground structures still serves as high impedance surfaces and at the same time acts as a reflector, so the back lobe of the radiation patterns does not change much. Thus, the proposed ILA with 1-D EBG structures can achieve the optimized antenna form for the effective antenna performance such as impedance bandwidth and horizontally-polarized end-fire radiation.
D. HIGH GAIN ANTENNA WITH 1-D EBG GROUND STRUCTURES AND BEAM DIRECTORS
In case of Yagi-Uda-shaped array antenna within small space, the reduction of mutual coupling between the inter-element radiators and directors is the inevitable issue to improve gain of array antenna [8] . Moreover, in order to reinforce the enhanced radiation patterns and achieve higher gain of horizontal-polarization within compact length of antenna (0.32λ 0 ), beam directors are inserted in front of the ILA at the ground clearance, as illustrated in Fig. 11 . Because the ILA with 1-D EBG is compact volume, it is designed to achieve high gain per electrical unit volume without destructive interference between EBG and ILA using a beam director. The optimized two-stage planar rods featuring wide width (W 7 = 0.05λ 0 ), short length (L 3 = 0.29λ 0 ), and small spacing (S 2 = 0.13λ 0 ) are used as compact beam directors in conjunction with the 1-D EBG ground structures. As illustrated in Fig. 12 , the −10 dB impedance bandwidth of ILA with EBG and two-stage directors is relatively reduced than that of ILA with EBG. Despite the mutual coupling effects between the antenna and beam directors, the operating frequency is rarely shifted from 2.4 GHz to 2.36 GHz. As presented in Fig. 13 , the measured maximum gains in the E phi -polarization are 3.4 dBi for the antenna with one-stage director, and 4.0 dBi for the antenna with two-stage directors, respectively. The radiation patterns indicate higher gain toward end-fire direction in horizontal-polarization. Thus, while the radiation patterns in the E theta -polarization rarely change due to the weak response of the beam directors, the antenna with the beam directors can achieve the enhanced radiation patterns toward the end-fire direction.
E. PERFORMANCE COMPARISON
As illustrated in Fig. 14 , the end-fire gains versus frequency of the fabricated antennas are measured. The ILA including 1-D EBG structures featuring high impedance surfaces with slow-wave behavior exhibits highly directive patterns in broad bandwidth. Due to mutual effect between EBG and beam directors within compact size, the gain bandwidth is relatively reduced despite high gain below 3 GHz. Table 2 lists the performance of the designed antennas. Despite decreased bandwidth due to having the two-stage beam directors within the compact size, the proposed antenna provides a wide impedance bandwidth of 530 MHz. The radiation intensity difference in co-polarization and cross-polarization, used as the criterion for enhanced radiation pattern, is more than 14.0 dB in the end-fire direction. Attributed to the reflectors and beam directors operated in distinct response under incident polarization, the ILA with 1-D EBG ground structures and two-stage directors exhibits the enhanced radiation patterns with broad bandwidth. Table 3 provides a performance comparison of planar antennas with 1-D EBG structures reported in [23] and [24] . Due to absence of any supplementary circuits that can limit antenna performance, the planar ILA with the 1-D EBG ground structures in this paper exhibits much better performance than the antennas presented in [23] and [24] . Thus, the presented antenna can be easily applied to various antenna platforms due to compact and planar configuration without any supplementary circuits. The antenna also provides high performance such as broad bandwidth, small form factor, and high antenna efficiency.
IV. CONCLUSION
In this paper, a compact antenna consisting of a planar inverted-L radiator whose antenna performance can be enhanced by the unique electromagnetic characteristics of 1-D EBG ground structures is introduced and characterized in detail. As the various antenna is discussed in Sections II and III, the 1-D EBG ground structures can be identified to high impedance surfaces with slow-wave behavior controlling both space-wave and surface-wave. The ILA with 1-D EBG ground implemented in 0.21λ 0 × 0.32λ 0 size without any supplementary circuits, exhibits an endfire gain of 2.0 dBi and a −10 dB impedance matching bandwidth of 870 MHz from 2.24 GHz to 3.11 GHz, respectively. By adding two-stage beam directors, the ILA with the 1-D EBG ground structures exhibits an end-fire gain of 4.0 dBi, and a radiation intensity difference between co-polarization and cross-polarization of 14.0 dB toward the end-fire direction.
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